Hill activity (oxygen evolution with ferricyanide as the electron acceptor), light-induced absorbance changes at liquid nitrogen temperature associated with the primary activity of photosystem II, and fluorescence yield changes at both low temperature and room temperature were measured with lyophilized spinach chloroplasts before and after extraction with hexane and reconstitution with p-carotene and plastoquinone A. Extraction eliminated the Hill activity, and both 8-carotene and plastoquinone A were required for maximal restoration of activity to the reconstituted chloroplasts.
photooxidation of cytochrome b5m, and reconstitution with #-carotene and plastoquinone A restored the low temperature photoreactions. However, only 8-carotene was essential for the restoration of the photoreactions. Cytochrome bz9 was modified, as a result of the extraction, to a lower redox potential, autooxidizable form and remained as such after reconstitution with ,8-carotene. The 8-carotene-restored chloroplasts showed the photoreduction of C-550 but not the photooxidation of cytochrome bwg because the cytochrome was already oxidized. When ,8-carotene-reconstituted chloroplasts were suspended in buffer containing ascorbate prior to freezing, the cytochrome b59 was reduced and could be photooxidized by irradiation at low temperature. After reconstitution with 8-carotene plus plastoquinone A the cytochrome bss9 was partially restored to its original high potential form and was in the reduced state so that both the photoreduction of C-550 and the photooxidation of cytochrome b659 occurred on irradiation of the p-carotene plus plastoquinone A-reconstituted chloroplasts. Reconstitution with plastoquinone A alone had essentially no effect on restoring the photoreactions.
The fluorescence yield of dark-adapted lyophilized chloroplasts at -196 C showed an irreversible increase of about 2.5-fold during irradiation. After extraction the fluorescence yield of the chloroplasts was high (at the maximal light-induced level of the lyophilized control chloroplasts) and showed very little change in the light. Reconstitution with ,-carotene alone restored some fluorescence quenching which was relieved by irradiation at low temperature. Reconstitution with plastoquinone A alone restored a high degree of quenching, but this quenching was not relieved by light at low temperature. Fluorescence emission spectra at -196 C showed that the fluorescence of variable yield in the lyophilized and 8-carotene-reconstituted chloroplasts involved only the 680 and 695 nm emission bands but not the larger 730 nm emission band, whereas the irreversible quenching in plastoquinone A-reconstituted chloroplasts involved all wavelengths of emission. Extraction of the chloro- ' Present address: Biological Laboratory, College of General Education, Kyushu University, Ropponmatsu, Fukuoka, Japan.
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plasts also eliminated the sharp 695 nm emission band at low temperature, and reconstitution with 8-carotene partially restored it. The fluorescence yield changes at room temperature differed from the low temperature measurements in that the strong fluorescence quenching restored to the plastoquinone A-reconstituted chloroplasts was relieved by light and reappeared in the dark. Thus plastoquinone A appeared to be much more effective than P-carotene in restoring the fluorescence of variable yield in room temperature measurements. However, it is argued from the results at low temperature that the quenching in plastoquinone A-reconstituted chloroplasts, which is probably due to the oxidized form of the quinone, is nonspecific and a different quenching mechanism from that which obtains in normal chloroplasts.
The results suggest that extraction with hexane removes plastoquinone A, which interrupts electron transport, and 8-carotene, which disrupts the primary photochemical activity of photosystem II. Reconstitution of the extracted chloroplasts with p-carotene alone restores C-550 and the primary photochemical activity of photosystem II, and when the photosystem II reaction centers are restored the additional requirement of plastoquinone A for the Hill reaction can be demonstrated.
Lynch and French (13) first demonstrated that Hill activity could be restored to petroleum ether-extracted chloroplasts by reconstituting the chloroplasts with crude extract. They partially purified the extracted material in an effort to determine the ingredients essential for activity and concluded that /8-carotene was responsible for restoration of activity. Bishop (4) repeated the extraction and reconstitution experiments with higher degrees of purification and reported that plastoquinone, not /3-carotene, was the active component. Wood et al. (18) extracted chloroplasts more thoroughly, in that less residual Hill activity remained after extraction, and found that PQA' would restore only about 30% of the activity while the crude extract would restore about 70%. They concluded that more than one active ingredient could be extracted and that the degree to which PQA restored activity (restorations of 100% or better were reported in earlier experiments where 30% of the activity remained after extraction) depended on the extent to which other essential components were extracted.
Amon and Horton (2) showed that extraction inhibited primarily photosystem II activity since the DCPIP-ascorbatesupported photoreduction of NADP survived the extraction treatment although PQA was necessary for PMS-mediated cyclic photophosphorylation (12, 17) . PQA functions in the photosynthetic electron transport chain near the reducing side of photosystem II, and it has been suggested that a quinone serves as the primary electron acceptor of photosystem 11 (16) . Govindjee et al. (10) attempted to implicate quinones with the fluorescence quencher of photosystem II but were unable to restore the normal fluorescence induction by reconstituting the extracted chloroplasts.
The purpose of the present paper was to examine whether extraction of chloroplasts affected the primary photochemistry of photosystem II and to re-examine the components active in restoring photosystem II activity. Two kinds of measurements were used to assay the primary photochemical activity of photosystem II: (a) light-induced fluorescence yield changes, which indicate redox changes of Q, the quencher of photosystem II fluorescence (6) , and (b) light-induced absorbance changes of C-550 (7, 11) at liquid nitrogen temperature. C-550 was shown to be the same as or closely related to Q (8), and both act as if they are the primary electron acceptor of photosystem II. Lyophilized chloroplasts were extracted with hexane and were reconstituted with synthetic /3-carotene and crystalline PQA.
MATERIALS AND METHODS
Spinach chloroplasts prepared by methods described previously (19) were washed twice with cold distilled water and lyophilized for 20 hr. For extraction the lyophilized chloroplasts were suspended in hexane (10 ml/mg chlorophyll, spectroquality, Matheson, Coleman, and Bell) and stirred for 10 min in the dark at room temperature. The extracted chloroplasts were collected by centrifugation and re-extracted with hexane, the extraction and collection procedures being repeated six times. Reconstitution was attempted with solutions of pure /3-carotene (type 1, Sigma Chemical Co.). purified PQA (purified according to Barr et al. [3] and recrystallized three times from ethanol) and with the crude extract in hexane solutions. The extracted chloroplasts were well dispersed in the hexane solution containing approximately the same amount of solute that had been extracted, and the hexane was evaporated in a stream of nitrogen. The dried chloroplasts were suspended in 15 mm tris-HCl buffer, pH 7.6, containing 0.4 M sucrose, 20 mM NaCl, and 4 mm MgC12.
Hill activity of the chloroplasts was measured as oxygen evolution with a Clark-type oxygen electrode during irradiation with a tungsten lamp filtered through 7 cm of I % CuSO4 (10' ergs cm-2 sec1). Light-induced absorbance changes at liquid nitrogen temperature were determined by methods described previously (7, 8) . Fluorescence measurements at low temperature were made through a Corning 2030 cut-off filter and a 500-mm Bausch and Lomb monochromator. The fluorescence was excited with a weak chopped monochromatic beam (630 nm chopped at 300 cps, 60 ergs cm-2sec') and measured with a lock-in amplifier connected to a small computer (Fabritek 1072). The sample in a 4-X 10-mm cuvette could also be irradiated with a steady, strong actinic beam (645 nm, 1.5 x 10' ergs cm-2 sec'). For time course measurements of fluorescence yield the monochromator was set at 695 nm with a half-width of 6.6 nm. For measurements of the emission spectrum the monochromatic half-width was set at 5 nm and the monochromator was scanned at 9 nm/sec. With dark-adapted samples, care was taken to maintain the sample in complete darkness after it was frozen and the monochromator scan was started at the onset of the measuring beam. With samples irradiated at -196 C the scan was started 30 sec after the irradiation. The measurements of light-induced fluorescence yield changes at room temperature were by methods described previously (19).
The primary criterion used to assay the degree of extraction and reconstitution was the light-induced absorbance change of C-550 at low temperature. Conditions were sought which would maximize the loss and restoration of C-550 in chloroplasts. Extraction and reconstitution appeared to be more complete with chloroplasts which had been exposed to long periods (20 hr) of lyophilization. Multiple extractions with hexane indicated that six extractions were slightly better than three but that no benefits accrued with more than six extractions. Hexane and heptane were equivalent in terms of extraction, but reconstitution was easier with hexane because of its lower boiling point.
RESULTS
The Hill activities (rates of 0., evolution with ferricyanide as the electron acceptor) of lvophilized, extracted and reconstituted chloroplasts are shown in Figure 1 . The sample of lyophilized chloroplasts used to measure the Hill reaction prior to extraction had about one-half of the chlorophyll content of the other samples. Extraction with hexane completely eliminated 02 evolution; in fact. some 02 uptake due to photooxidation appeared to occur after extraction. Reconstitution with the crude extract restored approximately 50% of the activity at the onset of irradiation (considering the difference in chlorophyll content). Reconstitution with synthetic /3-carotene plus crystalline PQA was almost as effective as the crude extract. A little activity was regained after reconstitution with PQA alone, but no activity was obtained with /3-carotene alone. From these experiments we would conclude that both /3-carotene and PQA were required to reconstitute Hill activity.
The primary photochemical activity of photosystem II was assayed by measuring the light-induced changes of C-550 at liquid nitrogen temperature. Light minus dark difference spectra due to irradiation of lyophilized chloroplasts suspended in buffer and frozen to -196 C are presented in Figure 2 . Lyophilized chloroplasts (curve A) show the same low temperature light-induced absorbance changes in the 520 to 580 nm region as normal chloroplasts. The bleaching at 556 nm is due to the photooxidation of cyt b.,!. by photosystem IT, and the bleaching at 547 nm and the absorbance increase at 543 nm are due to the photoreduction of C-550 by photosystem II. Extraction of the extensively lyophilized (20 hr) chloroplasts six times with hexane eliminated most of the light-induced absorbance changes (curve B). After it was found that most of the absorbance changes at -196 C could be restored by reconstituting the extracted chloroplasts with the crude extract, reconstitution was attempted with various compounds purified from the extract by thin layer chromatography. /3-Carotene, PQA, and PQC were the only components found to be effective in reconstituting the extracted chloroplasts. PQC was similar to PQA in its action so that only PQA was used in subsequent experiments. Restoration of the light-induced absorbance changes of C-550 and cyt b..9 after reconstituting the extracted chloroplasts with synthetic /3-carotene and crystalline PQA is demonstrated in Figure 2 , curve C. The light-induced absorbance changes of C-550 and cyt b-,,.-, were restored 75 to 80% of those obtained before extraction. Reconstitution with /3-carotene alone (curve D) restored most of the C-550 change but not that of cyt b,,,, while reconstitution with PQA alone (curve E) had little effect. Absolute spectra and chemical difference spectra (data not shown) indicated that both cyt .f and cyt b7,7,, were reduced in the lyophilized chloroplasts (as they are in normal chloroplasts) but that cyt b,,,,9 was oxidized after extraction. After The fluorescence yield changes induced by light at liquid nitrogen temperature were also examined in the lyophilized, extracted, and reconstituted chloroplasts since these changes should also be correlated with the primary photochemical activity of photosystem II. Figure 3 shows the time course of the fluorescence yield of the chloroplasts at -196 C excited with a weak chopped measuring beam (630 nm, 60 ergs cm-2 sec'1) and measured at 695 nm. The fluorescence yield of the chloroplasts at -196 C increases to the maximal level in the measuring light because the oxidation of reduced Q is blocked at low temperature. A short period of actinic light (645 nm, 1.5 X 10' ergs cm-2 sec') was given to insure that the maximal lightinduced fluorescence yield was attained. The fluorescence yield of the lyophilized chloroplasts increased 2.7-fold in the light from its low initial value while that of the extracted chloroplasts was high initially and showed very little response to light. Reconstitution with /3-carotene plus PQA or with ,B-carotene alone restored some of the fluorescence of variable yield. Reconstitution with PQA alone restored the fluorescence quenching quite effectively but, in contrast to the measurements at room temperature, the quenching was not relieved by light.
Fluorescence emission spectra (uncorrected for the spectral response of the instrument or the self-absorption by the sample) of the chloroplasts at -196 C are shown in Figure 4 . The emission spectra of the lyophilized chloroplasts at -196 C (Fig.  4A ) before (D) and after (L) actinic irradiation (645 nm, 1.5 X 10' ergs cm-2 sec-') for 30 sec and the difference spectrum (L -D) between the two emission spectra confirm the prior work of Murata (14) showing that the main light-induced changes of fluorescence yield occur in the 685 and 695 nm emission bands. The large broad emission band at 730 nm is little affected. The measuring beam was the same as that used for the data in Figure 3 (60 ergs cm-2 sec-1), and the spectral scan was fairly rapid (15 sec for the whole spectrum or about 5 sec to get past 700 nm). The increase of the fluorescence yield induced in the dark-adapted sample (D) by the measuring beam during the 5 sec required to scan the spectral region of variable yield was not great enough to distort the emission spectrum appreciably.
Low temperature emission spectra of the chloroplasts after the various treatments are shown in Figure 4B . These all represent the high fluorescence yield condition obtained after actinic irradiation at -196 C. Extraction with hexane causes the loss of the 695 nm emission band ( Plant Physiol. Vol. 49, 1972 It appears from the fluorescence data at low temperature that fl-carotene restores part of the fluorescence of variable yield and the 695 nm emission band and that PQA acts as a nonspecific quencher of chlorophyll fluorescence. The fluorescence emission spectra and the fluorescence yield changes of chloroplasts reconstituted with both fl-carotene and PQA are similar to the measurements with chloroplasts reconstituted with fl-carotene alone except that the intensity of emission is somewhat less because of the nonspecific quenching by PQA. It is apparent that fl-carotene protects the chloroplasts to some extent against the nonspecific quenching by PQA. The chloroplasts must have been extracted for PQA to exert its quenching. "Reconstitution" of lyophilized (nonextracted) chloroplasts with PQA had no effect on the fluorescence yield changes at low temperature.
Fluorescence yield changes were also measured in the lyophilized, extracted, and reconstituted chloroplasts at room temperature (Fig. 5 ), but these measurements did not show the same correlations between fluorescence yield and the state of extraction or reconstitution that were obtained at low temperature. Possible reasons for the discrepancy between the room temperature and low temperature measurements of fluorescence yield are considered in the "Discussion" section.
The fluorescence yield changes of the lyophilized chloroplasts at room temperature ( (FM, -F)/F,,, survived the extraction procedure in the room temperature measurements than appeared in the low temperature measurements (Fig. 3) . At room temperature, 58% of the maximal fluorescence was variable before extraction and 33% was variable after extraction (at low temperature the fluorescence of variable yield decreased from 65 to 15%). Reconstitution of the extracted chloroplasts with fl-carotene and PQA restored Fo and Fm, to levels even lower than before extraction and left the maximal yield FM,, unchanged. The fluorescence of variable yield increased to 65% (versus 58% before extraction), but the rate of increase from F,,, to F,, was slower. Reconstitution with fl-carotene alone had much less effect; Fo and F,,, were somewhat lower than in the extracted chloroplasts and the fluorescence of variable yield increased to 42%. Reconstitution with PQA alone, however, had a marked effect; in fact, PQA appeared to be as effective as the combination of fl-carotene plus PQA except that the rate increase from F,,, to F,, in showed absorption maxima at 550, 500, and 460 nm (Fig. 6B) that we were able to demonstrate the loss and reconstitution of primary photochemical activity of photosystem II by /3-carotene. Our conclusion from the extraction and reconstitution experiments is that /-carotene is essential for the primary photochemical activity of photosystem II and that when the photosystem II reaction centers are restored and functional, the additional requirement of PQA for the Hill reaction can be demonstrated. The small extent of restoration of the Hill reaction with PQA alone suggests that some photosystem II reaction centers survived the extraction procedure. The light minus dark difference spectrum of the extracted (or PQAreconstituted) chloroplasts in Figure 2 indicates that 20 to 30% of the C-550 was present after extraction.
There appears to be a discrepancy between the loK temperature measurements of the light-induced absorbance changes of C-550 and the light-induced fluorescence yield changes which indicated that /3-carotene was essential and sufficient to restore the primary photochemical activity of photosystem II to the extracted chloroplasts and the room temperature measurements of fluorescence yield which indicated that PQA was more active than /3-carotene in restoring the photoreversible fluorescence quenching. However, the fluorescence quenching in PQA-reconstituted chloroplasts differs in two important aspects from the quenching in normal chloroplasts: (a) the quenching by PQA is nonspecific in that all wavelengths of the emission at low temperature are quenched and (b) the quenching by PQA is not relieved by irradiation at low temperature. Amesz and Fork (1) photoreduced in the light via the small amount of C-550 which survives the extraction and is autooxidized in the dark. We suggest that the photoreversible quenching of fluorescence at room temperature in PQA-reconstituted chloroplasts represents a different and more nonspecific quenching mechanism from that of normal chloroplasts.
The restoration of the fluorescence of variable yield by /3-carotene alone (in both room temperature and low temperature measurements) was less than the percentage restoration of C-550. The C-550 after reconstitution with /3-carotene may be somewhat less efficient in quenching chlorophyll fluorescence than before extraction, possibly because the restoration of the chloroplast structure was not perfect.
